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Abstract 
In this study, exergy analysis was performed for ultra super-critical power plant. The analysis was carried out by 
means of process simulation using a computer model developed in Microsoft Excel .The model was based on the 
concepts of coal combustion, energy balances, enthalpy balances, entropy changes and heat transfer of the steam 
power cycle. After development, the validated model was used to simulate the hypothetical power plant combusting 
lignite coal with the net output of 422 MW. The exergy loss indicates that the highest concentration of losses appears 
to be the furnace followed by the turbine. 
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1. Introduction 
Among the fossil fuels, coal has been one of the most abundant resources used for generating the 
electricity worldwide [1]. The demand for coal has been increasing day by day when compared to the 
other fossil fuels like oil and natural gas. According to International Energy Agency [1], by the year 2030 
the coal consumption rate will be more than 6000 million tons of carbon equivalent and across the globe 
42% of electricity supply mainly comes from the coal power plants. Burning coal in the power plants 
contributes to a large percentage of carbon dioxide (CO2) emissions to the atmosphere, leading to global 
warming problem. type [2], coal emits 
approximately 1 tonne of CO2 by burning and generating 1 MW of electricity. Due to the great 
environmental concern, coal fired power plant has been studied in a number of research works with the 
primary focus on the alternative design and operation of the plant so as to reduce the CO2 emissions. A 
number of technologies have been developed to reduce the emission of CO2 to the surrounding; some of 
the technologies are carbon capture and geological sequestration [3].  
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Nomenclature 
 
H Enthalpy (kJ/kg) 
S  Entropy (kJ/kg) 
P Pressure (bar) 
M Mass flow rate of the working medium (kg/s)  
T   Temperature ( C) 
E Exergy rate (MW) 
Q Heat transfer rate of the component (kJ/kg) 
QK  Heat transfer rate across the surrounding (kJ/kg) 
W Work done by the system (MW) 
T k   Surrounding temperature ( C) 
W surr Work done by the surrounding (MW) 
Wu Useful work done (MW) 
To Atmospheric temperature ( C) 
 
Analysis of the power plant is a broad concept involving the efficient use of energy resources. In 
earlier days, the energy efficiency of the plant was analyzed based on the first law of thermodynamics. 
But in recent times, the second law of thermodynamics has been widely used to determine exergy losses 
because it is related directly to quality of energy produced within the system. For Instance, Aljundi [4] 
performed a modeling of a steam power plant in Jordan to determine the energy and exergy losses. Hasan 
et al. [5] discussed about the power plant in turkey. Datta and Som [6] explained an exergetic analysis for 
the power plant by separating the entire power plant into three different zones. Most of the research 
resulted in finding that the most occurring exergy loss zone is the boiler and turbine. Another research 
that supports the finding is by Naterer et al. [7]. Rosen [8] conducted a comparative study of coal power 
plant and nuclear steam power plants. The study was focused on the energy and exergy losses. Ganapathy 
et al. [9] determined the losses for the thermal power plant powered by lignite. Energy and exergy losses 
were obtained for individual components and tabulated. Habib et al. [10] performed a thermodynamically 
analysis based on the concept of second law of analysis explaining the losses and the regenerative and 
Rankin cycle power plants. 
This study mainly focuses on the exergy losses in the pulverized coal fired power plant operating in 
ultra super-critical conditions. A typical steam cycle flow for the ultra super-critical plant is demonstrated 
in the Fig 1. The operating temperature and pressure shown in Table 1 are in the range of 600 -700oC and 
254-357 bar, reported in the literature [11]. The air pre-heater is used to heat the air from room 
temperature to 200  350oC [12]. The overall performance of the power plant can be analyzed based on 
the exergy concepts. The concentration rate of exergy destructions will determine the area of exergy 
losses. A computer model was developed using Microsoft Excel to determine the exergy losses and the 
net power out from the power plant. The model developed was based on the concepts of coal combustion, 
energy balances, enthalpy changes, entropy changes, heat transfer and mass transfer of the steam cycle.  
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DE De-aerator, FP-Boiler pump, CP-condenser pump, HP-high pressure turbine, IP- intermediate pressure turbine, LP-low 
pressure turbine, CND-condenser, A-G  feed water heaters (FWH), H-Boiler system 
Fig.1. Steam cycle of the power plant with reference point 
Table 1. Operating conditions of the power plant 
 
 
2. Exergy Analysis 
The Thermodynamic analysis of any power plant considers the balance of mass, energy, entropy and 
exergy [13]. It is important to determine the amount of work potential that can be attained from the 
system. The work potential derived from the system is often referre [14]. 
Exergy is the total amount of useful work potential possible by the system at any given reference 
temperature and pressure. Since exergy deals with predicting the amount of useful work available in the 
[15]. 
The amount of useful work produced depends on conditions of the system and the immediate 
surrounding outside the system. For a steady state process, mass balance and energy balance for a system 
can be written as, 
Operating condition Value Unit 
Steam temperature 600 C 
Steam pressure 253 bar 
Mass flow rate of steam 285 kg/s 
Mass flow rate of fuel 33 kg/s 
Feed water inlet temperature to boiler 260 C 
Flue gas out temperature 150 C 
Air pre-heater temperature 350 C 
Excess air percentage 18 % 
Power output 430 MW 
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The entropy change relation for any system depends on the inlet entropy and outlet entropy difference. 
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The exergy balance for control volume system and general equation for the unit exergy can be written as, 
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For the closed system, the general exergy balance equation is given by the below relation. 
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For any process, there are certain losses due to the surrounding like heat loss due to the heat and mass 
transfer inside the system and the losses that occur due to the surrounding is known as surrounding losses 
[16]. As a result of the heat loss, there is loss in the work done. The general equation relating the useful 
work and the surrounding work done is written as, 
 
 Wu =   (W -  Wsurr)         (7) 
The energy balance for any system undergoing the heat and work transfer is given as 
 
dE, in -  dE, out =  dE, system         (8) 
The destruction of exergy in a system depends on entropy generation or changes happening [17]. 
Whenever a entropy change is generated inside the system, there is a destruction in the useful work that 
can be produced and this destruction of the energy is known as Exergy Destruction. When entropy 
generated is less, then the exergy destruction rate is less and when the entropy generated is more, the 
destruction is more [18]. So we can conclude that the entropy generation is directly proportional to the 
exergy destruction. The general equation for the exergy destruction can be expressed as, 
E
.
destroyed =  To *  S
.
gen          (9) 
The entropy generation depends in the inlet and the outlet entropy changes of the system. 
S
.
gen =  Ms * (s2 - s1 +  
qsurr
To )         (10) 
Table 2 summarizes equations used for analyzing exergy destruction and exergy efficiency.  
 
3. Results and Discussion 
The power plant was validated using the below tabulated references in the Tables 3-5 and the exergetic 
performance of the power plant was analyzed based on the reference point at temperature 298 K and 1 bar 
pressure. The model was validated with the results obtained by the Wang et al. [19] and Aljundi [4]. For 
the model to be validated, the values obtained was compared with the individual parameters like air 
preheated temperature, excess air percentage, exhaust pressure of the turbine, turbine efficiency, 
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isentropic efficiency, reheat temperature, and boiler temperature. The comparison proves that results from 
the developed model agree well with the literature data, thus validating the model.  
 
Table 2. Exergy destruction rate and exergy efficiency formulae used for Exergy analysis 
Components Exergy destruction (MW) Exergetic efficiency (%) 
Boiler System E Feed  E Product  + H heat in E Product  E Feed / H heat in 
Turbine E Feed  E Product   W workout E Product  E Feed / W workout 
Condenser E Feed  E Product   H heat out E Product  E Feed / H heat out 
Pump E Feed  E Product  + W workout E Product  E Feed / W workout 
Furnace  E Fuel in + E Feed  E Product E Product  E Feed / E Fuel in 
Heaters/ De-aerator E Feed  E Product E Product / E Feed 
Steam Cycle Sum of all components W Net out / E Fuel in 
 
Table 3. Power plant model validation case analysis 
Description Wang et al, 2007 This study Aljundi, 2009 This study 
Net power output MW 671  679  56 54.4 
Thermal efficiency % 45 45.4  26  24.4 
Net efficiency  % 42  43  - 35.96  
Fuel consumption rate Kg/s 68.82  67.54  5.6  5.24 
Flue gas temperature C  1841  1843  1700 1710 
 
Table 4. Exergy model validation case analysis- Wang et al. [19]  
Components Exergy destruction  
(MW) Reference 
Exergy destruction  
 (MW) This model  
% Exergy efficiency  
Reference 
% Exergy efficiency  
This model 
Furnace 615.2 612.33 86.7 85.1 
Boiler - 6.72 - 0.9 
HP1 9.9 9.31 1.0 1.3 
HP2 3.05 3.09 0.2 0.4 
IP1 3.64 3.92 0.3 0.5 
IP2 2.69 2.61 0.2 0.4 
LP1 2.78 1.82 0.2 0.3 
LP2 2.13 2.84 0.2 0.4 
LP3 2.31 2.91 0.2 0.4 
LP4 11.46 11.64 1.5 1.6 
LP5 7.84 7.27 1.4 1 
H1 1.15 1.28 0.2 0.1 
H2 1.58 1.75 0.3 0.2 
H3 2.28 2.49 0.4 0.4 
H5 2.17 2.66 0.4 0.4 
H6 0.61 0.49 0.1 0.1 
H7 1.21 1.99 0.2 0.2 
H8 1.18 1.53 0.2 0.2 
Condenser 15.3 15.4 1.2 2.1 
Boiler pump  1.70 1.72 0.2 0.2 
Condenser pump 0.15 0.13 0.0 0.0 
Air pre-heater 16.91 17.01 2.2 2.4 
De-aerator 2.03 2.51 0.4 0.2 
Power cycle     
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In Table 1, it is seen that the percentage of excess air used in the data [13] is in the range of 18%. If the 
percentage of moisture content is high, the net efficiency is low. The reason is that the presence of the 
moisture will reduce the amount of energy released during coal combustion. As a result of this, there is a 
reduction in the temperature of the combustion products. Increasing the temperature of the air used in the 
air pre-heater can increase the net efficiency of the power plant. This external air supplied will raise the 
temperature of the coal combustion; As a result, the net efficiency of the system increases. The main 
steam temperature was maintained in the range between 600  650 C for the plant operating in the Ultra 
super critical condition. An increase in the main steam temperature will increase the enthalpy of the steam 
used inside the steam cycle. This will result in the additional work done which enhances the net efficiency 
of the power plant. 
 
Table 5. Exergy model validation case analysis- Aljundi [4]  
Components Exergy destruction  
(MW) Reference 
Exergy destruction  
 (MW) This model  
% Exergy efficiency  
Reference 
% Exergy efficiency  
This model 
Furnace 120 118 43.8 44 
Turbine 20 20.47 73.5 72.66 
Boiler - 8.14 - 91.83 
Condenser 13.7 14.04 26.4 26.77 
Boiler pump 0.2 0.2 82.5 81.51 
Condenser pump 0.33 0.3 28.2 29.73 
Hp2 0.43 0.4 97.4 97.65 
Hp2 0.35 0.38 95.3 96.95 
De-aerator 0.35 0.31 95.3 95.77 
LP3 0.35 0.38 89.5 89.06 
LP4 0.29 0.28 67.3 82.79 
Power cycle 157.0  24.8 25.8 
 
After validation, the developed model was used for simulating the performance of an ultra super-
critical plant under conditions listed in Table 1. The simulation results can be found in Table 6. The 
distribution of exergy destruction across the power plant was plotted in Fig. 2. Apparently, furnace is the 
major source of exergy losses followed by the turbines.  
 
Table 6. Simulated power plant results of this study 
 
Components Value Unit  
Net power generator output 422 MW 
Fuel consumption rate 33.2 kg/s 
Air in flow rate 445 kg/s 
Flue gas temperature 1980 C 
Net energy efficiency for net power out 43 % 
Thermal efficiency 51 % 
Overall exergetic efficiency for net power out 25 % 
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Fig. 2. Distribution of exergy destruction across the power plant 
 
4. Conclusions 
In this study, an effort was made to develop a computer model of ultra super-critical power plant and 
thermo dynamical analysis was performed to study the performance of the plant. The maximum Energy 
loss was found in the condenser followed by the furnace system. Upon applying the second law of 
thermodynamics into the analysis, the exergy losses can be determined. The exergy loss percentage 
recorded in the furnace is 86% and its relevant exergy destruction is 615 MW. Whereas the exergy 
destruction in the condenser is relatively lesser than the furnace which is 15 MW and its exergetic 
efficiency is 70%. The exergy destruction is observed higher in the turbine having 45 MW of loss with 
average of 82% exergetic efficiency. This proves that there is higher exergy loss in the furnace followed 
by the turbine. An effort to reduce the exergy loss in the furnace was made and a part of available heat is 
retrieved after the combustion process and used in the air pre-heater to preheat the fuel. This proves to 
reduce the exergy destruction rate loss in the furnace to a percent of 71%. 
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